Introduction 21
Strategies to reduce emissions of carbon dioxide (CO 2 ) from fossil fuels, and hence 22 mitigate climate change, include energy savings, development of renewable biofuels, and 23 carbon capture and storage (CCS). For CCS, several scenarios are being considered. One 24 approach is capture of point-source CO 2 from power plants or other industrial sources 25 and subsequent injection of the concentrated CO 2 underground or into the ocean [1] . An 26 alternative to this point-source CCS method is expansion of biological carbon 27 sequestration of atmospheric CO 2 by measures such as reforestation, changes in land use 28 practices, increased carbon allocation to underground biomass, production of biochar, 29 and enhanced biomineralization [2] . In addition to geological or oceanic CO 2 injection, 30 novel models for point-source CCS based on accelerated weathering and 31 biomineralization are emerging, utilizing either abiotic [3] [4] [5] or biotic [4, 6, 7] processes. 32 Biomineralization of CO 2 by calcium carbonate (CaCO 3 ) precipitation is a common 33 phenomenon in marine, freshwater, and terrestrial ecosystems and is a fundamental 34 process in the global carbon cycle [8] . with reaction 2 being the principal path, at least in seawater [9, 10] . 3 Bicarbonate (HCO 3 -) is ubiquitous in water and is formed via dissolution of gaseous CO 2 : 4 CO 2 (aq) + H 2 O  H 2 CO 3 (3) 5 H 2 CO 3  HCO 3 -+ H + (4) 6
The concentration of carbonic acid (H 2 CO 3 ) is small so the dissolved CO 2 from reactions 7 3 and 4 occurs predominantly as HCO 3 -. 8
A fraction of HCO 3 -dissociates to form carbonate (CO 3 -): 9 HCO 3 - H + + CO 3 2-(5) 10
The lion's share of global calcification takes place through biotic processes in the oceans.
11
Although the oceans are supersaturated with Ca 2+ and CO 3 -, spontaneous precipitation of 12
CaCO 3 in the absence of calcifying (micro)organisms is rare owing to various kinetic 13 barriers [11] . The contribution of microorganisms, particularly cyanobacteria, in CaCO 3 14 precipitation and sedimentation is substantial and it has played a major role in geological 15
formations since the Archaean Era [12] . Although studies of microbially mediated 16 biomineralization through CaCO 3 precipitation have a long history, the mechanistic 17 details of the different steps are only poorly understood [13] . In this review we discuss 18 the potential for microorganisms, specifically cyanobacteria, in calcification, that is 19 conversion of CO 2 to recalcitrant calcium CaCO 3 . 20
We begin our discussion on cyanobacterial calcification and its potential in CCS by a 21 brief description of the general features of cyanobacteria where we elaborate on the 22 carbon -ncentrating mechanism (CCM) that allows cyanobacteria to actively take up 23 inorganic carbon (C i ) from the external medium and perform efficient photosynthesis in 24 aqueous environments. We then give an account on microbial biomineralization, 25 specifically as it occurs in cyanobacteria. In this context we return to the CCM and point 26 out the intimate association between CCM and the calcification process. Finally, we ask 27 how biomineralization by calcifying cyanobacteria can contribute to CCS, and we point 28 out research areas that should be prioritized to tackle some of the challenges ahead. 29
Cyanobacteria 30
Cyanobacteria are photosynthetic Gram-negative bacteria that carry out oxygenic 31 photosynthesis and are thought to be the origin of chloroplasts of plants and eukaryotic 32 algae via endosymbiotic events in the late Proterozoic or early Cambrian period.
33
Cyanobacteria occupy a wide array of terrestrial, marine, and freshwater habitats, 34
including extreme environments such as hot springs, deserts, bare rocks, and permafrost 35 zones. In their natural environments, some cyanobacteria are often exposed to the highest 36 rates of UV irradiance known on our globe. Cyanobacteria also have an extensive fossil 37 record. Indeed, the oldest known fossils are of cyanobacteria from Archaean rocks of 38 western Australia, dated 3.5 billion years old. Through their photosynthetic capacity 39 cyanobacteria have been tremendously important in shaping the course of evolution and 40 3 The idea of capitalizing on the high-CO 2 tolerance of cyanobacteria and microalgae for 22 mitigation of CO 2 emissions in flue gas in connection with biofuel production was 23 spawned already three decades ago [26,27] (and refs. therein). Since then, a large number 24 of studies have been published where the potential for cyanobacterial and microalgal 25 biofuels and beneficial CO 2 recycling is described and discussed [16, 24, [28] [29] [30] [31] . Biomass 26 production and CO 2 uptake in cyanobacteria and microalgae exposed to elevated CO 2 27 levels from flue gas or other streams have been followed for a variety of strains 28
[16,29,31-36]. The overall conclusions from a large body of experiments are that: (1) 29 cyanobacteria and microalgae can successfully assimilate significant amounts of CO 2 30 from sources such as flue gas; (2) many species are unaffected by the NO x and SO x 31 present in flue gas; (3) thermophiles can be employed so as to minimize the cost of 32 cooling the flue gas; (4) nutrients can be supplied via municipal wastewater to further 33 reduce operation costs; and (5) both freshwater and marine species can be used. 34
Biomineralization by calcifying cyanobacteria 35
The occurrence and distribution of calcfying microorganisms are widespread [37] [38] [39] and control cyanobacterial calcification is hazy, and many of the mechanistic details of 10 proposed models remain controversial, the general process is outlined in Fig. 1 . 11
Cyanobacterial calcification is a non-obligate process that depends on photosynthetic 12 activities, the CCM, extracellular surface properties, and environmental conditions 13 [47, 59] . Calcification might even be considered an integral part of the CCM. However, successful implementation of calcifying cyanobacteria for point-source CCS 17 are met with significant challenges that need to be addressed. For example, as seeing how 18 alkalinization of the EPS or S-layer depends on HCO 3 -import (Fig. 1) , the question arises 19
as to whether calcification in cyanobacteria will occur also under high CO 2 conditions, 20 e.g. when fed CO 2 from a flue gas stream. At high CO 2 levels, the CCM is not needed 21 and cells will preferentially take up CO 2 rather than HCO 3 -. The conversion of CO 2 22 during transport to the cytosol (Fig. 1 It will be important to unravel the mechanisms of calcification and how they are 36 regulated in cyanobacteria growing under flue gas conditions, and in the presence of 37 pulverized gypsum or calcium silicate minerals. Strategies to promote HCO 3 -uptake 38 would be to use strains where both the constitutive and inducible CO 2 uptake/conversion 39 systems ( Fig. 1) approximately 2.5 Mt CaCO 3 per year. This translates to sequestration of over half of the 10 CO 2 produced from a 500 MW power plant [6, 7] . Robust cyanobacterial strains or 11 consortia need to be designed that exhibit maximized photosynthetic CO 2 uptake and that 12 can fully utilize the plentiful calcium available in silicate minerals or gypsum.
13
Calcification can be enhanced by increasing the number of carboxylate amino acids in the 14 EPS that can be used as nucleation sites, and by increasing CA activities in the EPS. It is 15 also crucial that strains be developed that have highly efficient light utilization and 16 photoprotection properties. Cyanobacteria in general have low light requirements but 17 when grown in ponds, cells below the surface will be light-limited while those at the top 18 might experience excessive light intensities. 19
Furthermore, the information gained from studying calcification in cyanobacteria can be 20 used for biomimetic approaches where artificial systems based on CA, CCM, EPS, or S-21 layers are designed for CO 2 capture and biomineralization. Crucial to these efforts is 22 optimizing the long-term stability of the resulting carbonates [74] . For example, large 23 calcite crystals containing an organic matrix similar to marine sediments are particularly 24 stable and are highly desirable. Controlling the detailed morphology and composition of 25 the organic (proteins, polysaccharide, etc.) and inorganic materials to result in highly 26 stable carbonates is an important goal and may be achieved using biomimetic pathways 27 to cyanobacterial mineralization. Ultimately such strategies could result in useful 28 materials (i.e. bio-concrete). 29
Conclusions 30
Employment of cyanobacteria for point-source CCS of flue gas via calcification offers 31 promising strategies for reducing anthropogenic CO 2 emissions. However, much research 32 is urgently needed to further our understanding of the biochemical and physical processes 33 in cyanobacteria that promote calcification, and that will allow us to select or design 34 strains with optimized properties for specific applications and conditions using genetic 35 engineering or directed evolution. For example, it is crucial that we determine the 36 physiological functions of calcification in order to define conditions for maximal CaCO 3 37 production, and to be able to apply proper selection pressure for strain improvement. We 38 also need to understand the different steps, that is nucleation, phase transition, 39 crystallization, and aggregation in the biomineralization process, and the energy barriers 40 for these stages so that we can identify bottlenecks in the overall process under different 41 environmental conditions. We need to analyze the structural and functional 42 characteristics of the EPSs and S-layers during calcification. We must investigate 43 calcification at elevated CO 2 levels, such as in flue gas, and understand how 44 photosynthetic light harvesting and photoprotection can be improved in cyanobacteria 1 growing in open pond cultures or in photobioreactors under such conditions. We need to 2 identify the genes involved in calcification and utilize available batteries of 'omics 3 technologies to obtain profiles for strains with different EPSs, S-layers, and capacities for 4 calcification under various conditions. 5
Finally, it should not be expected that calcification by cyanobacteria and microalgae 6 present an alternative to geological CCS. Rather biomineralization should most probably 7 be viewed as a niche technology, preferably linked to small coal-fired power plants, 8 natural gas systems, municipal solid waste combustion, and CO 2 -emitting industries such 9 as cement manufacture, and iron and steel production. If nation-wide distributions of such 10 units were to be deployed in countries such as the U.S.A., China and India, the impact in 11 mitigation of global greenhouse gas emissions could be enormous. 
